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FOREWORD

This translation was prepared in response to Work Assignment No. 79,
Task 32. The article was originally published as follows:

Kullgavchuk, V. M. Polucheniye moshchnykh radioimpul'sov pri pomo-
shchi elektricheskogo vzryva metallicheskikh provolok. Pribory i
tekhnika eksperimenta, no. 1, 1965, 132-137.
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PRODUCING POWERFUL RADIO PULSES BY THE
ELECTRIC EXPLOSION OF METAL WIRES

An investigation is made of impact excitation of a parallel
oscillating circuit, connected in series with wires "exploded" by
a high-density current. Copper and silver wires 0.04--0.1 mm in
diameter and 1.5-2.5 cm long were used as switching elements. It
is shown that given a discharge potential of 4.5-7 kv and a storage
capacity of 0.58 to 0.77 V f, weakly damped (logarithmic damping decrement
of 3-6 x 10-2) oscillations are generated during the current pause,
characterized by currents of the order of 102-10 amp and frequency
within the range from 2.6 to 29 Mc/sec. The dependences of initial
excitation amplitude on the number and diameter of the exploding wires,
on the discharge potential, and on the natural frequency of the
circuit show that the initial amplitude increases with a decrease in
wire diameter and decreases with an increase in frequency according
to a law close to 1/W2. A method is given for evaluating the initial
amplitude of the oscillations.

Reference [1 ] shows that a capacitor discharging through a series-
connected metal wire and oscillator results in an impact excitation of
powerful oscillations whose damping is several times weaker than in the
well known method of discharging the capacitor through a spark gap and
an inductance. Such oscillations may find application in experimental
physics for helical scanning to measure time intervals with oscillo-
graphs and for image converters, especially when recording single phe-
nomena. Similar oscillations can be used to modulate the light trans-
mitted by a Kerr cell to provide a time base. Finally, such oscilla-
tions are necessary in experiments with plasma for the creation of the
&-pinch. The aim of this work is to determine the dependence of initial
oscillation amplitude on parameters of the discharge circuit, on the
size of the switching element (wires), on the discharge voltage, and on
the natural frequency of the oscillating circuit.

Without dwelling on the details of the electric explosion phenomenon,
which can be found in various works [2, 3], let us investigate the mechanism
of impact excitation of an oscillating parallel circuit when a current pause
is formed (Fig. I). After the discharger P is switched on, an increasing
current begins to flow through the wire n and the oscillating circuit. At a
current density in the wire > 107 amp/cm2 the wire in a time period of 10- 8_10-7

sec [2] is transformed into a cylinder of over-compressed nonconductive vapors,
and as a result, the so-called current pause forms in the discharge circuit.
Furthermore, during the time of the current pause the oscillating circuit which
has accumulated a magnetic energy 1/2LKI 2 (where I is the inductance of the
oscillating circuit and I is the current before siatching off) will be switched
off from the discharge circuit, after which damped oscillations will appear in it..
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As will be shown, the value of the deriva Ave of current during switching-
off will determine the magnitude of the iaitial oscillation amplitude.

Fig. 2 shows a pulse of current derivative in the discharge circuit
when the oscillating circuit is shunted out; the width of its negative sec-
tion at the base is equal to the switch-off time.. As can be seen from the

B;7
Fig. 1. A schematic diagram of theP ~switching ol• of the oscillating cir-
cuit into a discharge circuit

v CM,, 1 P --ir discharger; H - wire;
19..H. - high voltage.

picture, the positive pulse section, after a rapid increase during the time
in which the breakdown is developing in the discharger beyond Tp, becomes
constant for some time, and subsequently monotonically increases in steepness

Fig. 2. A schematic representation of
the current derivative oscillogram in a

S_ .j _ discharge circuit obtained with an explo-
sion of four copper wires 0.04 mm in
diameter and 2.5 cm long connected in
parallel at>V 0 = 6.1 kv, L0 = 0.24 ph,
CO = 1.08 pf. Marks on the time-axis
represent 0.1-psec intervals

and passes into a negative section, which ends with a section in which there
is almost a linear increase accompanied by extreme steepness. 1

Fig. 3 shows dependences of the ratio of derivatives iM/I^ on the discharge
voltage for switching elements of equal cross section but consisting of one and
four wires. The dependences were obtained in discharge circuits with different
inductances L and capacities C . From these data it is seen that this ratio
increases with the rise of the 'discharge voltage and circuit inductance, and
with the decrease in the wire diameter.

At a pulse current duration -rK considerably smaller than one-fourth of the
oscillation period, the initial amplitude is determined by the relationship

U = p G I(t) ,

1A weak break in the current derivative appears with the melting of the wire;
in Fig. 2 it coincides with the moment when. I passes zero.
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where w is the frequency of natural oscillations and p is the wave
impedance of the circuit. With the decrease of the T period the initial
amplitude will increase and will reach a maximum when the pulse duration
is close to one-half of the period. With a further decrease of the per-
iod, when its quarter becomes shorter than the current pulse, the initial
amplitude will start decreasing. In the first approximation it can be

SFig. 3. Dependence of Im/I 0 on dis-
ofl charge voltage for copper wires 2.5 cm

4-2 long

i - Four parallel wires 0.04 mm in
2 diameter, L0 - 0.24 ph, CO - 0.77 pf;

2 - the same specimen, La - 0.1 ph,
C0 - 0.58 pf; 3 - one wire 0.08 mm in

.0 diameter, L0 - 0.24 ph, Co - 0.77 4f.

Discharge voltage
v0,0 Kv

assumed that in this case the excitation of oscillations will occur twice-
during switching-on of the discharger and during switching-off of the current.
Owing to the linearity of the system, the resulting amplitude will be a super-
position of the oscillations from these two impacts. In addition, the circuit
after the first impact will be shunted with elements of the discharge circuit,
while after the second impact it will be switched off from the discharge cir-
cuit, and only the appearance of a secondary discharge between the wire term-
inals will cause it to shunt.

Let us evaluate the initial excitation amplitude, assuming that the time
for switching-off the current is greater than one-fourth of the oscillation
period. The oscillograms (Fig. 4) show that the circuit is excited at the
moment of a sharp increase (in absolute magnitude) of the current derivative;
let us assume that the increase during this time is linear I = Im+t/T 3.
Here tm is the maximum value of current derivative during switch-off, and To,
which we will call effective time of current switch-off, will represent an
interval on the time axis between the point where the axis intersects the line
drawn by extrapolating the linear section of I and the pulse end (Fig. 2).
The dependence of -r on discharge voltage for switching elements consisting
of wires 0.08 and 0.04 mm in diameter can be obtained from Fig. 5.

Let us assume that the circuit has a sufficiently high Q (Q >> 1), which
will permit us to disregard the effect of damping on the initial amplitude.
The equation will be written as:

C.du/dt + L;'S udt = I (t).
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AXfter dVifo•cerentiatdng we will have

d~u/dt' + r1Au 1 (t)/C.,

wjhore (0-4Ak 11LzA~. Assumiinrp that '_ ' t/ n aiugit on

only theoecoeffi c.iient at the harmonic tefm, the solution of Uie equaton
will havd•.1ftie following form:

U

where 'P-"4 YL--C

Theho-sescribed oicture of circuit; excitation can be qua&'ita,:ively traced
on the dlfiloEa J. n Rg 4,n the ,-sc:illatin-n circuit

for diffcsrtont cdrcuit parameters is shown° -lere the osciillal'lolis eyc-ited

~ ~~~; £ '%' •' -• , ,, •, .. '

.... _ p_ .. . . . . . .

L _ _ _..-_ _.,_ _ __-"- .•...

k•... _ _ , ..

Pljig. 4. Oscillograms of excited oscillations:

f-fi = 8.9 Mc/sec, u = 4.1 kv; b - f = 8.9 Mc/sec,
i: 5-7 kv (circuit is shunted with a 39-ohm resist-

•i n-nce); c - f = 16.9 Mc/sec, u = 3 kv; d - f = 9.7 Mc/sec,
- 2.9 kv (the upper beam shows the current derivative

It, i P discharge circuit). Time markings: a, b, c - after
0. .. 1 ,sec; d - after 0.2 ljseco

durinr sVliITo ching-on of the discharger and during switching-off of the current
can be seo, clearly; the first ones occur at the beginning, of the sweep; the
second ozs a after 0.2-0.3 u sec.

urxil - the current pause, a voltage representing the sum of the high-
frequernce7'o1lage and the voltage remaining on the capacitor after the
breakdownnot If the circuit is applied to the exploding wire terminals. Since
t,-e higi;-4eeequeacy voltage diminishes with time, the total voltage appears



to be highest at the moment of current pause formation. If 1/4 T <<

,nr,nanosec

..! r Fig. 5. Dependence of the effec-
tive time of current switch-off

I with copper wires 2,5 cm long on
- discharge voltage, Lo - 0.24 uh,

0 - Co - 0.77 Pf

1 - One wire 0.08 mm in diameter;
2 - four wires 0.04 mm in diameter.

S5 6 7
Discharge voltage
V0O, Kv

then the first half-period of oscillations (negative) will be considerably
larger than the initial amplitude (Fig. 4, c) since it is the pulse of the
overvoltage appearing on the inductanc3 of the circuit during the switch-off
of the current and is equal to kIm" When the exploding wire is shortened,
the high-frequency voltage and the residual voltage increase, resulting in
shortening of the current pause. Before the radio-pulse ends a secondary
discharge appears in the vapor of the scattered metal. From the moment of
the appearance of the discharge, the oscillation amplitude decreases and
characteristic distortions appear (Fig. 4, d). With a further shortening
of the exploding wire or with an increase in the stored energy, the wire is
shunted by a discharge at the moment of the formation of the current pause,
and as a result the radio-pulse is absent. In selecting the length of the
exploding wire, the fact that the duration of the current interval is longer
when thin wires are used than when thick wires are used, should be taken into
consideration.

To verify the conclusions, experiments were performed on the excitation
of the oscillating circuit 2 LK = 29 mvh, q, = 11, 2 50uv f, f = 8.9 Mc/sec,
and P = 1.6 Ohm in a discharge circuit with L0 = 0.24 ph and C, = 0.77 ifk.
Table 1 gives the dependence of the initial amplitude of excitation (the
average of three experiments) on the discharge voltage VO for different commu-
tators consisting of 2.45-cm-long copper wires. The amplitude of the second

2 The oscillating circuit consisted of two 14 x 20 x 1 mm copper plates located
3.7 cm from each other, between which 20 iHo3-2 capacitors of 500 wpf each
were placed in 5 rows (4 capacitors in each row); from the narrow side between
the plates a connecting link made of the same material was installed.
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half-period was taken as an initial amplitude. 3  The Q of the circuit
under these conditions varied -rom 55 to 80 (logarithmic damping decre-
ment =3.9 x 1072-5.7 x 10 ).

Table 1

*.'ir aNo.of 'Initial amplitude,-kv
diam- explod0
e ter, ing VO - 5 V- 5.5 V0 6.0 0'- 6.5 VO- 7.0

mm wires 0 0 . - O

0.04 5 15±0.3 2.E0 1 ± 06 3.6±0.1 4.1±0.2I• '0'. 0.12 t., . ±0.
0.04 4 .. 9± 02. 2.4±0 1 2-9±0.1 3 .1±0.2 3.7±0,.

0.1' 0.2 0.3 *0110. 0~ 2 27oA
'0.08 .1 0.8±o. 1.2±0.2 1,8±0,4 2.2±0.2 2.7±0.3

0 -02 0 .02 2.220.4
0.07 1 1.0±0.2 1.2±0:1 2".0.3 2.3*0.3
0.05 . 2. 1.3±o.0,. 2.t±o01 2 3.0.2 2.5±o0 . 3,5±o.2

0.05~0: 20:2::.1.o~ 0.3
1.8±00 2203 ±0.5 ~ 0

0.04 3' 1.1±0.3 1.8043 •2,0.3

From the table it can be seen that the initial amplitude at the same
cross section of the switching element increases with the number of wires
in it, since this leads to an increase ofi m and a decrease of T . The
considerable spread of initial amplitude observed in the experiments under
equal conditions can be explained by the fact that the amplitude represents
a superposition of the oscillations from two impacts, and that the amplitude
of the oscillations from the first impact, as is seen from the oscillograms,
is within the limits 0.1-0.5 u; therefore, a small fluctuation of the be-
ginning moment of the sharp increase of I provokes a considerable change in
the phase differences of the investigated oscillations.

Table 2 gives initial amplitude (averaged from four experiments) and
oscillation power W = u 2/2p for circuits with natural frequencies from
2.56-28.8 Mc/sec at a voltage V0 = 7 kv in a discharge circuit with the
same parameters as found in the experiments of Table 1 with the same commutator -

in four copper wires 0.04 mm in diameter and 2.45 cm long connected in parallel.
The values of the initial amplitude calculated from relationship (1.) and data
from Figs. 3 and 5 are given in the last column of Table 2.

" To measure the voltage on the circuit, a voltage divider with a total

resistance of 1.4-3.7 kohm was used.
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As is seen from the table, the calculated data coincide with experimental
values within an order of magnitude (except for one case in which the calcula-
ted data appeared to be lower).

Table 2
Circuit Circuit Fre- iEnitialam-plitudg Os(il--
capacity induct- queqcy , X 3 2 latoteIunc MI2 •c-IPwerC x, Lp4f ance f. M96 ohm, iet c-Pwr

Lr, ,4 _, Mc/sec ' oW

18300 210 2,56 3,4 3.0 5.5 ±0,30 - 4.45

H1250 29 8.9 1.6 5.3 3.7 ±0,2 0.81 4.27

0 31620 87.5 13.3 7.34 3,62 1.7 ±02 1.64 0,197

0.61100 87.5 16.9 9.3 4,16 2.4 ±0:8 1.32 .0.,31

560 73 24.8 11.4 5.6 j 1.0 ±0:71 0.7 0,044

560 •,5 28.8 9.9 3.5 0.37±0.12. 0.47 0.0069

*Discharge voltage V0 in this experiment was not 7 kv, as in
the other experiments given in this table, but was only 4.3 kv.
This was because at V0 > 4.5 kv breakdown between the exploding
wire holders took place due to the high value of the initial
amplitude.

The results of excitation of a circuit I = 29 ipph and CK = 11250uuf
(average of three experiments) in a discharge circuit with a relatively
small inductance Lb = 0.1 11h and Co = 0.58 f. are given in Table 3; Table 4
shows the initial amplitude of the oscillating circuit shunted with a 39-ohm
resistance and the power of oscillations at V0 = 7 kv; Fig. 4b gives the
oscillogram of the pulse.

Table 3

Vire Length I No. of- Initial amplitude, kv
Metal diameter of wire,, ex.• 1 V.-.s...

Copper 0,05 2.5 4 2.4±0,2 5.0±0. 5.4±0A1

Copper o.o4 2.0 6' 420,4 6.0±0.5 6.8±0,4*

Silver 0.1 2,5 1 2,8±0.3 5.3±0.4. 5.8±0.20
0,2 0.3

*Radio pulse discontinues after \ 2 sec due to the appearance of
a secondary discharge.
**Breakdowns occur between the exploding wire holders during the
formation of the current interval.
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The measurements show that when the circiut is shunted with a 39-ohm
resistance, its quality factor decreases from 60 to 17, and maximum current
in resistance reaches 150 amp. A comparison of the data in Tables 1 and 3
proves that the initial amplitude increases with the decrease in inductance
of the discharge circuit because of the increased portion of the usable mag-
n'etic energy of the discharge circuit.

Table 4
Wire Wire No. of-Initial Oscil.
diam- 0 . o•eRMetal eter ength, llitudq lator Remarks

mm am.,, .ng kv power, :

opper 0.04 20. 05.4±0 9 Average of 6 ex-
6 54±0:3 . per~ients

opper 0.04 1.5 6 6.0±0.4 Average of 7 ex-
0.5 p1.2 periments

Silver 04. 2.5 1 4.4±0.2 6.06 Average of 9 ex-
* - -- ____ __________ eriments

Table 2 shows that the transfer of energy from capacitor CO to the circuit
reaches 3.2% (circuit with f = 2.56 Mc/sec).

References

1. I. R. Jones, R. F. Wuerker, Rev. Scient. Instrum., 1961, 32, 962.

2. N. A. Protopopov, V. M. Kultgavchuk, Zh. tekhn. fiz., 1961, 31, 557.

3. Exploding Wires, Edited by W. G. Chace, H. K. Moore, 1959, N. Y.,
Plenum Press (Russkiy perevod: Vzryvayushchiyesya provolochki, 1963,
Izd-vo inostr. lit.).

-8-



ATD DISTRIBUTION LIST
WORK ASSIGNIdEfNT 79

ORGANIZATION No. o Pf CoD e,.

NASA (AFSS-z) I)
NASA (Tech. Lib.)
DDC 20
DIA (DD/DIA /SA /GI) 4
CIA (SD) 3
Gen. Ast. Res. Corp. INat. Sci. Found. 2
DIA I
RAND 2
SA K/DL -510 2
AMXST-SD-TD 5
CIA (OCR-STAN. DIST.) 6AFTAC/IG-I 2
Env. Res. Asc. 2
Tech. Doc. 2AEDC (AEY) 2
Nat. Bur. Stand. I
ESD (ESY) I
ESD (ESTI) 2ASD (A SF) 2
McGraw-Hill 20TDBTM (Tech. Lib.) 5
TDBXP 3
AIR UNIVERSITY 2
OAR (RRY) 5
RADO (RAY) 2
AFFTC (FTF) 2
AFMTC (MYW) 2
BIO. DIV. 2
ARECIBO LAB. 2
AFCRL (CRTEF) 50
ARL (ARI) 4
DASA DATA CENTER 2
TECH. LIB. BRANCH 2
SSD (SSF) 2
Weather Res. Fac. 2
AMD (ANFR)


